Congenital and infantile cataracts produce deprivation amblyopia and can thus cause lifelong visual impairment. Successful management is dependent on early diagnosis and referral for surgery when indicated. Accurate optical rehabilitation and postoperative supervision are essential.
Introduction
Congenital and infantile cataracts remain an important cause of lifelong visual impairment. The incidence in the UK has been shown to be 2.49/10 000 by the age of 1 year, increasing to 3.46/10 000 by age 15. 1 There are an estimated 200 000 children blind from cataract worldwide 2 and thus congenital cataract, as a treatable cause of visual handicap in childhood, is a priority of the global Vision 2020 initiative. 3 Deprivation amblyopia is the major cause of loss of visual function in these children. An improved understanding of the neurophysiology of the visual system and the concepts of latent, critical, and sensitive periods of visual development, 4 has led to improvements in the management of affected children.
Successful outcomes require the early recognition of infantile and congenital cataracts.
In those infants with significantly amblyogenic cataracts ( Figure 1 ), this should be followed by prompt referral for surgical intervention using modern microsurgical techniques. 5 Accurate and prompt optical rehabilitation is essentially combined with careful postoperative supervision and where indicated calibrated occlusion regimes. 6 There has been much ongoing debate and research in this field. Five topics will be considered in this paper. These relate to:
1. The timing of surgery and its relationship to the duration of deprivation and subsequent amblyopia. 2. The effect of visual deprivation on the development of fixation stability and nystagmus. 3. The use of intraocular lenses in infants and its effect on acuity, axial length, and refractive outcomes. 4. Surgical techniques. 5. The prevention and management of complications such as glaucoma, posterior capsule opacification, and retinal detachment.
We discuss these topics in more detail below.
The timing of surgery, abnormal visual development, and amblyopia
The development of the visual system in the immature mammal is profoundly affected by visual deprivation. Seminal animal studies have shown that unilateral deprivation produces completely different structural changes in the lateral geniculate nuclei and striate cortex to those produced by bilateral deprivation. 4 In prolonged unilateral or bilateral deprivation, these changes become irreversible.
However, it is thought that in the very early neonatal period, the immature visual system relies on sub-cortical pathways. 7 During this sub-cortical or latent period, transient visual disturbance does not appear to impact on the eventual visual outcome. This period appears to be approximately 6 weeks for human infants with unilateral visual deprivation. Thus, a unilateral birth-related macular haemorrhage resolving within 6 weeks does not lead to permanent amblyopia. 8 Birch and Stager 9 demonstrated that unilateral cataract surgery performed within this period produced very good outcomes but that surgery carried out after this, even with excellent compliance, leads to progressively poorer visual outcomes. Lambert et al 10 have recently demonstrated that the equivalent latent period for bilateral visual deprivation, although more difficult to quantify, may be as long as 10 weeks. This correlates well with previous published studies of outcomes in infants with bilateral congenital cataracts. [11] [12] [13] Different visual modalities appear to have different latent periods and a recent prospective study of eye alignment and fixation stability in children with infantile cataracts, suggested that the latent period for ocular stability may be as short as 3 weeks. 14 The terms 'critical' and 'sensitive' are often used interchangeably to describe the subsequent period of eye and brain maturation during which external factors can profoundly influence visual development. The sensitive period is the longer time frame during which the developing visual system retains plasticity and can thus be manipulated, influenced or modified before full visual maturation. This influence may be positive where occlusion or optical correction is prescribed to improve visual development, or negative, where there is an amblyogenic effect due to pupillary membranes, capsule opacities or strabismus. The sensitive period in humans is approximately 7-8 years. During this period, regular monitoring of acuity development in each eye enables the clinician to modulate amblyopia treatment according to the interocular acuity difference. 6 Infants born with unilateral congenital cataract need long-term 'aggressive' occlusion therapy (6-8 h/day) if useful visual function is to be achieved in the affected eye. 6, 9, 15, 16 Children born with dense bilateral cataracts typically exhibit strabismus, even after optimal surgical management 14, 17 and are thus at risk of strabismic amblyopia. This can be treated with lower levels of part-time occlusion. Recent studies indicate that more than 60% of children with unilateral congenital cataract who undergo optimal intervention, can achieve a useful level of vision in the affected eye (VA better than 6/60), 18 but this outcome is very dependent on compliance with occlusion and optical correction. The better eye of children born with dense bilateral cataracts has been shown to achieve a better outcome than this, where surgery is performed before 10 weeks of age. Again compliance with optical The effect of visual deprivation on the development of fixation stability and nystagmus
The timing of surgery for infantile cataract and the resultant duration of visual deprivation are important factors in the development of nystagmus 19, 20 and it thus appears that binocularity and fixation stability have a 'latent period'. However, although fixation stability has a major impact on visual function, most published studies of outcomes after congenital and infantile cataract surgery have looked largely at acuity results and only qualitatively at ocular stability. 20, 21 The prevalence of nystagmus in this group of patients is unknown. Nystagmus amplitude, frequency, waveform, and beat direction have not been quantified because eye movement recording systems have not been used to measure ocular stability. The impact of the severity and duration of early onset visual deprivation on eye alignment and ocular stability was recently reported on by Abadi et al.
14 They noted that cataract morphology and associated amblyogenic potential varies and therefore the severity of the cataracts in the children in their study was graded on an 11 point scale. 22 A total of 33 children (23 neonates and 10 older infants) with infantile cataracts were prospectively followed. Fixation stability and eye alignment in primary gaze was assessed using an infrared limbal recording system. Twenty-three children were classified as having 'major' form deprivation (grades X5/11). Nine of these underwent cataract surgery before the age of 8 weeks.
Each of the 33 children was allocated into one of the four categories depending upon whether they had bilateral or unilateral cataract and major or minor form deprivation.
In the bilateral major group, 7 of 10 children exhibited nystagmus by the end of the study. Five showed a manifest latent nystagmus (MLN), one congenital nystagmus (CN), and one latent nystagmus (LN). Four of the eight undergoing surgery had been found to have a pre-operative nystagmus (three CN, one MLN). All but one converted postoperatively to MLN.
In the unilateral major group, 8 of 13 children had nystagmus (seven MLN, one CN), whereas 5 were stable. Ten of the 11 undergoing surgery had no pre-operative nystagmus, but 6 of this group developed MLN postoperatively.
There were six children in the bilateral minor form deprivation groupFnone required surgery and all were stable binocularly although one developed LN. Four unilateral children were classified as having minor form deprivation. Only one developed MLN.
Ocular alignment was also assessed in this study. Nineteen of the 23 children (83%) with major form deprivation developed strabismus (11 convergent, 8 divergent) . Seventeen of the 19 with strabismus exhibited nystagmus as well. Unilaterals tended to develop strabismus later than bilaterals. However, only 2 of the 10 children with minor form deprivation developed strabismus. This is comparable to previously reported rates of strabismus in aphakic children. 17 The authors concluded that major form deprivation, even after early surgery, leads to nystagmus. In approximately 75% of children, this is MLN. Minor form deprivation appears to have little effect upon ocular stability, but it was noted that large amplitude saccadic intrusions affected most of the cohort. The authors concluded that the latent period for fixation stability may be as short as 3 weeks and that preoperative CN can convert to the more benign MLN after successful surgery.
The use of intraocular lenses in infantsFacuity, axial length, and refractive outcomes Until recently, lensectomy followed by contact lens correction of the resulting aphakia was the 'gold standard' in the management of infantile cataract. 5 Some controversies remain over the benefits of IOL implantation in young children when compared to the use of aphakic contact lenses. 23 However, aphakia following a lensectomy procedure in infancy or childhood usually results in a high hypermetropic refractive error requiring contact lens correction or thick spectacle lenses. In unilateral cataract, this produces a high degree of anisometropia that is, a strong amblyogenic stimulus unless adequately corrected. Implantation of an IOL can address this issue although the initial hypermetropic overcorrection needed in infants (to allow for subsequent ocular growth) may necessitate contact lens wear for up to 1 year. The glasses required for correction of any eventual residual refractive error are usually of much lower dioptric power, more cosmetically acceptable and less cumbersome than aphakic spectacles. In addition, the reduced anisometropia lessens any amblyogenic stimulus. 15, 23 In unilateral cataracts, visual results now appear to be better following primary IOL implantation compared with aphakia and contact lens correction, 23 although children undergoing primary IOL implantation need more secondary procedures than those children left aphakic. 24 Advances in congenital and infantile cataract management IC Lloyd et al
IOL implantation technique
Advances in microsurgical techniques in lens technology and an improved knowledge of the refractive rate of growth of the eye has meant that IOL implantation, even in infants, is becoming increasingly accepted by paediatric ophthalmologists.
Our preference is for a superior 3.5 mm clear corneal incision (for lens insertion and creation of the capsulorhexis) combined with temporal and nasal 20G corneal incisions at 901. A posterior limbal/scleral incision is an alternative. 25 A continuous curvilinear capsulorrhexis is performed under viscoelastic with forceps. A push-pull technique as described by Nischal 26 is sometimes helpful particularly for the less experienced surgeon. If the lens capsule is dysplastic or calcified, a modified approach involving the use of the vitrector or capsule scissors may be required. The lens is aspirated using a bimanual technique with a vitrectomy cutter and infusion/manipulator positioned alternately through the temporal and nasal 20G incisions. A foldable hydrophobic acrylic IOL is inserted into the capsular bag after it has been as thoroughly cleaned as possible of lens material. If the child is less than 4-year-old, a primary posterior capsulotomy is performed either via an anterior approach (before lens insertion) or in the presence of a thick posterior capsular plaque via a posterior approach after IOL insertion. Scleral incisions are made with an MVR blade at 2-3 mm posterior to the limbus through the pars plicata. A posterior capsulotomy is created using the vitrectomy cutter and a limited anterior vitrectomy performed. The anterior chamber is maintained throughout via an infusion line through the side port. The scleral wound is closed with 8.0 vicryl and the corneal wounds closed with 10.0 vicryl sutures. Intracameral heparin in the infusion or as a bolus intracameral injection at the conclusion of surgery may be used to limit fibrinous uveitis. 27 Factors used to determine whether or not an IOL is implanted include the presence of coexistent ocular pathology, such as persistent foetal vascular remnants (PHPV), anterior segment dysgenesis, or glaucoma. These cases are not only at greater risk of complications, but also have a more unpredictable refractive outcome. It is also important to consider the dimensions of the eye. The high-powered IOL required to adequately correct a microphthalmic eye (axial length less than 16 mm) to the desired refractive outcome is not usually readily available from most hospital lens banks. Similarly, implantation into eyes with corneal diameters less than 10 mm is technically more difficult and more likely to lead to complications, in particular pupil block glaucoma. In such high-risk cases, a peripheral iridotomy should be performed at the time of cataract surgery using the vitreous cutter.
Biometry
Accurate biometry is essential in order to achieve the desired refractive outcome and reduce undesirable long-term ametropia. In cooperative older children, this can be carried out in clinic pre-operatively using the same techniques suitable for adults. In infants and younger children, or in those with physical or intellectual impairment precluding adequate cooperation, biometry must performed under general anaesthetic before surgery. Axial length is measured using A-scan ultrasound, and corneal curvature by hand-held keratometry. We use an SRK-T formula for IOL power calculation, but other formulas (SRK-II, Hoffer-Q, and Holladay) have also been shown to give acceptable results in children. 28 IOL power calculation formulas have been shown to be less accurate in infants less than 36-month-old, 29 and in those with axial lengths less than 20 mm.
28,29
Rate of refractive growth in normal children vs pseudophakes; the effect of pseudophakia on axial elongation/ocular emmetropisation The normal pattern of ocular growth in infancy is characterised by axial elongation complemented by corneal flattening and lenticular flattening. Most of the corneal flattening takes place in the first 3 months, whereas the majority of axial elongation occurs in the first 18 months. The resulting rate of refractive growth follows a logarithmic curve. 30 Achieving a satisfactory long-term refractive result following IOL implantation in infancy and childhood requires that an allowance be made for the axial growth and myopic shift that occurs during childhood. The rate of axial growth following cataract surgery is fastest at younger ages, particularly during the first year of life. 31, 32 Although the rate of axial growth has been found to be slower in pseudophakic compared to aphakic eyes, there is a greater myopic shift in pseudophakic eyes due to change in the relative position of the IOL as the eye grows. 33 There is little published data on long-term refractive shift following IOL implantation in infants. In aphakic eyes, the mean quantity of myopic shift from age 3 months to 20 years has been shown to be 9.7 D. 30 In our personal series of 25 infants (33 eyes) implanted before 12 months of age, it was found that the mean myopic shift at 12 months was 4.83 D. This increased to 5.3 D in those infants implanted before 10 weeks of age. 34 The initial desired refractive outcome following IOL implantation is therefore hypermetropia, with the degree depending on age of the child. In infants under the age of 10 weeks of age at the time of surgery, our desired refractive outcome is usually 8-9 D of hypermetropia.
At age 12 months, this is reduced to 4 D and at age 24 months, the desired refractive outcome is approximately 2 D of hypermetropia. From approximately 36 months, our aim is for 1 D of hypermetropia to result in emmetropia or low myopia after cessation of ocular growth. This is determined on a case-by-case basis, depending on other factors such as the refractive error of the fellow eye in unilateral cases. The residual refractive error can be corrected initially with contact lenses or glasses, and then usually with spectacles that are adjusted according to refractive error throughout childhood. The ideal outcome in adulthood is emmetropia or low myopia, without significant concurrent anisometropia. It should be noted that children with Down's syndrome may exhibit abnormal ocular growth and go on to develop significant myopia. 34 
Complications
Although management of amblyopia (and associated refractive error) is the key to a good outcome in infantile cataracts, the avoidance of complications is also vital. 5 Glaucoma following cataract surgery in infants and children is well documented. It may occur in the early postoperative period or as late as decades after surgery. Thus, the incidence of glaucoma tends to increase with longer follow-up. Glaucoma or ocular hypertension was found to be as high as 59% in one prospective observational study of 63 patients over a 10-year period following paediatric cataract surgery. In this study, 19% of children developed glaucoma. In half of these, it developed in the first 5 years after surgery. Ocular hypertension was observed in 40%. The rate of progression of ocular hypertension to glaucoma over a mean 7-year period was 23%. 35 In an 18-year longitudinal follow-up in Sweden, glaucoma was diagnosed in 12% of eyes with a mean follow-up of 9.6 years. A relationship with surgery performed before 10 days of age was demonstrated. Microphthalmia was also identified as a risk factor. 36 Other groups have demonstrated rates of 20.2-22% following paediatric lensectomy. [37] [38] [39] The risk of glaucoma was noted to be 3.8 times greater in those undergoing surgery at 9 months or less than in older patients. 38 Watts et al 39 found the incidence was greatest for infants undergoing surgery between 13.5 and 43 days of life.
A similar retrospective analysis of 128 consecutive lensectomies also identified surgery in the first month of life as a significant risk factor for subsequent glaucoma. Eyes of bilateral cases operated in the first month of life were noted to be at a significantly higher risk of glaucoma than eyes operated later (P ¼ 0.001) with the 5-year risk of glaucoma after bilateral lensectomy found to be 25.1%. The overall 5-year risk of glaucoma for unilateral and bilateral cases was 15.6%. 40 A Swedish study of infants undergoing cataract surgery before 12 months found that 10% developed glaucoma severe enough to require surgical intervention. 41 A bimodal onset of glaucoma was observed. An early onset group developed glaucoma within 6 months of surgery associated with angle closure. A later onset group (mean age of 12 years) was found to be more frequently associated with an open drainage angle but also with microcornea.
Trivedi et al 42 confirmed that the risk of developing glaucoma is greater for those undergoing surgery at an earlier age. All who developed glaucoma were 4.5 months or younger at surgery. The incidence of glaucoma was comparable between pseudophakic and aphakic eyes.
In contrast, no glaucoma was reported by Cassidy et al 43 in a series of 45 children aged 5 years and younger undergoing cataract surgery with intraocular lens implantation with a median follow-up of 3 years. Other authors have also suggested that primary lens implantation may be protective against glaucoma. A series of 377 eyes with primary pseudophakia found glaucoma in only one eye with a mean follow-up of 3.9 years. This compared favourably to an incidence of 11.4% in a comparative series of aphakic eyes. However, the follow-up was comparatively shorter for the pseudophakic eyes and the mean age of the children undergoing implantation surgery was older. 44 It seems likely that glaucoma remains a significant risk for infants undergoing primary implantation in the first year of life, but that the tendency of surgeons to reserve implantation for more 'normal' infant eyes and older children has lowered the observed incidence of glaucoma. The removal of the lens and performance of a vitrectomy may be critical to the establishment of increased risk of glaucoma in both aphakic and pseudophakic eyes following lensectomy. It has been observed that vitrectomy in non-phakic eyes of adults may lead to the long-term development of glaucoma or an increase in number of medications used in eyes with established glaucoma when compared to fellow eyes or phakic eyes following vitrectomy. 45 It must be emphasised that the diagnosis of glaucoma and or ocular hypertension cannot be based on intraocular pressure readings alone. Intraocular pressure may be significantly affected by central corneal thickness. A comparative study of central corneal thickness in aphakic and pseudophakic children compared with age matched normal controls, demonstrated that the mean corneal thickness was 626 and 556 m, respectively. 46 Similar findings were reported by Simon et al. 47 This increased corneal thickness is likely to falsely elevate the measured intraocular pressure. Thus, careful consideration of optic nerve and visual field changes (where possible) are essential to diagnostic accuracy.
The treatment of glaucoma following congenital cataract surgery is generally medical but surgical management is frequently required. Outcomes of surgery have tended to be poor. Trabeculectomy with or without adjunctive agents such as mitomycin C appears to have a low success rate. 48 Cyclodestructive procedures have been used, but in many cases, the pressure lowering effect appears only temporary 49 and there may be a greater risk of complications in aphakic patients. 50 Greater long-term success in controlling intraocular pressure has been achieved with the implantation of drainage tube devices such as the Ahmed Valve 51 ( Figure 2) or Baerveldt implant. 52 Sometimes diode laser cycloablation is necessary to temporarily lower intraocular pressure and reduce the risk of perioperative suprachoroidal haemorrhage while undertaking drainage tube surgery.
The long-term visual outcome of children with aphakic glaucoma was reported recently in a group of 36 patients with a mean follow-up of 18.7 years. 53 The authors felt that the overall prognosis in these patients was good. Out of all patients 54.5% had a visual acuity of 20/40 or better and 34.5% had an acuity between 20/50 and 20/200. However, most required three or more medications to control their intraocular pressure. Surgical intervention had been necessary in 27% of eyes. Over half of these eyes required two or more procedures. 53 In infants and children undergoing lens implantation, management of the posterior capsule has been a topic of considerable debate. Development of posterior capsule opacification (PCO) or recurrence of opacity within the visual axis is amblyogenic and a barrier to visual rehabilitation. It is the most common reason for further surgical intervention in infants undergoing primary lens implantation. 15 Optimal management of the capsule at the time of primary lens extraction is dependant on the age at which surgery is undertaken. In children younger than 6 years, primary posterior capsulotomy has been suggested as appropriate, because visual axis opacification is more likely to be amblyogenic. 54 Acrylic lens implants are achieving greater acceptance over polymethylmethacrylate lenses for use in infants as they appear to be more biocompatible and incite less inflammation in comparison. 55 However, despite the reputation of straight edged foldable acrylic lenses for prevention of posterior capsule opacity in adult cataract surgery, the same cannot be said for paediatric cataract surgery. 56 In children undergoing acrylic lens implantation without a primary capsulotomy, posterior capsule opacity occurs in significantly more eyes than in those children undergoing primary capsulotomy and anterior vitrectomy. 57, 58 In infants whose posterior capsule had been retained, performance of a Nd:YAG capsulotomy was associated with high rates of recurrence of visual axis opacification across the anterior hylaoid face. 59 In the absence of an anterior vitrectomy, a primary posterior capsulotomy is probably not enough to prevent visual axis opacification. This can still occur following the growth of proliferating lens epithelial cells across the anterior hyaloid face (Figure 3 ). Posterior optic capture has been advocated to minimise this. However, this technique although technically possible with a three-piece lens, is harder to achieve with a single-piece hydrophobic acrylic lens implant, where the optic-haptic junction is wide and inserted at an angle. Optic capture has also been associated with opacification across the anterior lens surface and prolonged postoperative uveitis. 60 Posterior capsulotomy with Nd:YAG laser can be undertaken at the slit-lamp in older cooperative children, as it is in adults. In infants and younger children, it has to be carried out under general anaesthesia using a horizontally mounted Nd:YAG laser. The effectiveness of the laser in clearing posterior capsule opacity was studied in 73 eyes of 57 children. All had undergone implantation with acrylic lenses without a primary capsulotomy. After a single capsulotomy, the rate of maintenance of a clear visual axis at 24 months was lower in children younger than 4 years than in older children. 61 O'Keefe et al 62 also found Nd:YAG capsulotomy to be an unsatisfactory solution to PCO in infants undergoing implantation in their first year. Infants who do not have primary implantation but are left aphakic are not immune to visual axis opacification. Secondary membranes have been described as occurring in up to 13% of eyes, 39 the risk being greatest when surgery is performed before the age of 6 weeks. Another study of infants undergoing lensectomy and anterior vitrectomy without implantation found a similar incidence of pupillary membranes of 12% in the first year. 63 Inflammation following lensectomy is heightened in infant eyes and can be further exacerbated by iris manipulation or prolonged surgery. This can result in posterior synechiae formation risking seclusio pupillae, iris bombe and subsequent secondary angle closure glaucoma. In implanted infants, posterior synechiae formation and inflammation may increase the rate of posterior and anterior lens epithelial cell proliferation (Figure 4) . Prevention of this is typically achieved with frequently administered topical steroids such as prednisolone acetate 1%, tapered over several weeks in combination with regular cycloplegic drops. Other groups have advocated peri-orbital depot steroid injection, intracameral administration of steroid 64 and/or systemic steroid administration. Increasingly heparin is being used, which is either administered as continuous infusion mixed in with balanced salt solution throughout surgery 27 or as a bolus intracameral injection at the conclusion of surgery. Despite these measures and possibly as a result of compliance issues, some infants still develop severe fibrinous uveitis that may not respond to an increased frequency of topical steroid administration. The use of intracameral tissue plasminogen activator has been advocated when fibrinous membranes are a significant problem. It is effective in removing a fibrinous membrane if given within 3 weeks of its formation. However, if administered within 3 days of surgery there is a risk of provoking a hyphaema. 65 Surgical dissection of fibrinous membranes, breakdown of posterior synechiae and viscodissection of peripheral anterior synechiae may be required in resistant cases.
Retinal detachment is a rare sight threatening complication following lensectomy. Eckstein et al 66 noted an incidence of 1.8% (2 eyes) in a cohort of 65 Indian children undergoing lensectomy in one eye and lens aspiration and primary capsulotomy in the other. The detachments were both in lensectomy eyes. Retinal detachment following lensectomy without implantation occurred in 3.2% of cases in a study of 1017 eyes of 579 patients. It was associated with a less hypermetropic (greater aphakic myopic) refractive error than the aphakic norm and also post cataract surgery wound dehiscence. 67 Performance of a posterior capsulotomy and anterior vitrectomy was not a risk factor. The incidence may be increased in conditions such as persistent foetal vasculature (PHPV), where traction on the retina may be exacerbated by surgical disturbance of an abnormally thick anterior vitreous face. 68 Cystoid macular oedema following congenital cataract surgery has been described but is self-limiting and usually not problematic. 5 The future
Future improvements in the management of children and infants with cataract are likely to continue to be driven by clinical research. Carefully planned multi-centre prospective studies will lead to further clarification of the latent periods for different visual modalities and an improved understanding of the neurophysiological effects of visual deprivation. This in turn will enable clinicians to optimise surgical intervention, occlusion and refractive correction.
Capsule management following intraocular lens implantation remains a major issue and is likely to change in the near future. The prevention of capsule opacification and cellular proliferation may in time be achieved by the use of devices to specifically target lens epithelial cells at the time of surgery. The sealed capsule irrigation system developed by Maloof et al 69 would appear to hold much promise. There may also be a place for modified implantation techniques and improved IOL designs. 70 Childhood cataract remains an important but treatable cause of potentially lifelong visual handicap. Those privileged to work with affected children have a duty to provide them with the best possible care. To that end collaboration between interested clinicians and vision scientists should be encouraged to foster further advances in this area of paediatric ophthalmology.
